Eighth International IBPSA Conference
Eindhoven, Netherlands
August 11-14, 2003

BUILDING SIMULATION AS AN AIDE TO DESIGN
Mark Chown
Associate Director, Arup Madrid, Spain

and are used by many designers throughout the world
to stretch the boundaries of their building designs,
sometimes to the limits, at a reasonable cost and
without the need to build the real thing before
finding out that it didn’t quite work as was thought.

INTRODUCTION
As mechanical engineers involved in the search for
often complex and innovative solutions for the
design of buildings, the use of building simulations is
often an indispensable tool to confirm a concept and
develop a design with confidence.

KANSAI INTERNATIONAL AIRPORT
TERMINAL BUILDING

The use of building simulation techniques in the
design process not only aides a designer to confirm
his technical assumptions but also helps nontechnical people involved in a project to understand
the issues through graphical or illustrative examples
of what will happen once a building is built.

The airport terminal building, completed at the end
of 1994 was one of the most ambitious construction
projects of its time. The building was built, along
with the runway, on a man-made island 4.5km long
and 2.5km wide some 5km offshore in Osaka Bay,
Japan. Its location avoids the limiting effects of noise
pollution on the surrounding population and thus
allows the airport to operate 24 hours per day.

The particular building simulation tools which I will
use as examples have been used on building projects
designed by Arup around the world. The principle
building simulation tools most commonly employed
as an aide to our design are:
•

Computational Fluid Dynamic Programs

•

Thermal analysis software

•

Wind tunnel tests

•

Small scale mock ups to model predicted
conditions

Often the best way to illustrate the application of
these techniques is through examples. I have selected
a number of projects designed over the last ten years,
each of which has used one or more of these
techniques as an integral part of the design process.
Examples will include, amongst others, the use of
small model mock-up’s to prove the validity of a jet
nozzle blowing air more than 80 metres across an
airport terminal building, computation fluid dynamic
modelling to guarantee no fogging formation over
the ice of an Olympic ice hockey stadium, and wind
tunnel testing to prove acceptable velocities within a
naturally ventilated cultural centre.

Figure 1. Aerial view

Most of the examples used have been built and have
demonstrated that they function, firstly as the
designer predicted and secondly often very closely
following the results given by the building simulation
tools. Building simulation techniques are now totally
accepted as being a valid way of confirming a design

Figure 2 The KANSAI airport terminal building
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The passenger terminal building was designed by
Italian architect Renzo Piano for 25 million
passengers per year and 41 aircraft parking stands.
One of the most important architectural concepts was
to provide a clear sense of orientation and direction
to the traveller between landside and airside with a
visual connection between the two. This was
achieved by the design of a high flowing roof in the
main terminal check-in concourse area (MTB) and
two projecting “Wings” which lead to the departure
gates. In fact the design of the flowing roof was
conceptual based on the decay of an isothermal air
jet, a concept that was to carry through to the
completed project.

conditioning system itself. To achieve effective air
distribution it was important that the air stream from
the large nozzles stayed attached to the roof thus
providing good mixing and avoiding draughts in
zones occupied by passengers.
Clearly the design of the “macro system” needed
very careful consideration not only to ensure its
effectiveness in controlling internal conditions and
preventing draughts but also its influence on the
structural and architectural design of the building.
Two types of building simulation were undertaken to
study and refine the design. Computational fluid
dynamics analysis and, subsequently, small scale
model air flow tests. Computational fluid dynamic
(CFD) analysis was carried out to predict air
movement and temperature distribution within a
section of the main concourse and the physical model
tests to refine the air nozzle design.
At the time a number of CFD programs were used
during different stages of the project. The main
technical criteria for selection being:

Figure 3 View airside to landside

•

The ability to create a curvilinear mesh
system to represent properly the curved roof
and the initial projection of the nozzles.

•

The need to define the nozzles properly

•

The ability to compute buoyant flow

Analysis was carried out over many months. Initially
PHOENICS was used to demonstrate the possibility
of projecting a jet with differing temperatures from
the surrounding air for the required distance of 80
metres. To determine the influence of the macro jet
performance on the temperature and air movement in
the occupied area a three-dimensional representative
section was modelled using FLOW 3-D. Finally,
prior to physical model testing, an in-house computer
program STAR-CD was used giving greater
flexibility in generating complex three-dimensional
meshes and post processing the results. In these
analyses the body fitted coordinated mesh contained
around 16,000 cells. Different supply and space
temperature scenarios along with jet angles were
modelled to understand summer and winter
conditions with the following results:

Figure 4 Section through MTB
The concept for the air conditioning of the main
terminal building (MTB) was to provide a
background level of climate control to the whole
space, called the “macro system”. This “macro
control” was achieved through large air supply
nozzles on the landside of the passenger concourse.
These blow air 80m in the direction of the passenger
movement. This macro system was then
supplemented by “micro systems” around check in
desks and waiting areas to provide local control
during time of varying passenger density.
As mentioned previously the shape of the roof of the
MTB was not only conceptually based on the air
trajectory of a jet but also became an important factor
in controlling the effectiveness of the air
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•

An isothermal air jet stays attached to the
roof for around two-thirds of the trajectory
and passes the exhaust air extract point.
Average air velocities in the occupied zones
were 0.28m/s.

•

At a jet temperature of around 16°C the jet
detaches from the roof at around 30 metres.
This early detachment is due to strong
buoyancy forces, characterised by the high
Archimedes number, and would cause
discomfort.

•

Increasing the jet temperature to around
19°C the jet stayed attached for sufficient
distance with air velocities induced at
occupied zones higher than the isothermal
case but still within the comfort criteria.

•

This final case was repeated with and air
supply temperature 2.5°C above ambient to
represent the winter case.

Figure 6 Scale model
In order to achieve a smooth and regular surface
across the roof for the jet to attach itself to, a fabric
open air duct was designed and constructed along
with glass fibre covers to the jet duct which give its
distinctive final appearance.
Figure 5 Result of CFD study
The results indicated that the jet nozzle would have
acceptable performance both in summer and winter
without the need for changing the velocity or
trajectory, maintaining a simplified design.
Following these results a 1:10 scale model was built
to refine the nozzle design. Smoke was injected into
the nozzle to give a visual record of movement of air
across the space. Under isothermal conditions the
optimal angle of discharge for the jet was 30°.
Various summer regimes were examined and
optimum angles were found to be between 25° and
27.5°. Next air velocities and temperatures
measurements were taken to calculate comfort
indices. As a result it was predicted that for all but
extreme design conditions over 90% of occupants
would be comfortable with the proposed air
distribution.

Figure 7 Photos of the jets
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Early in the design the Client agreed that if it could
be demonstrated that comfort conditions could be
provided without the need for air conditioning for at
least 90% of the time, the a naturally ventilated
solution should be designed. The challenge was to
prove that natural ventilation would give adequate
comfort.

KANAK CULTURAL CENTRE,
NOUMEA, NEW CALEDONIA
New Caledonia is an island in the Pacific Ocean,
some 1600km east of Australia. The cultural centre is
located on a thin peninsula near the island’s capital,
Nouméa. It celebrates the Melanesian culture of the
Kanaks with its museum of living arts.

The design of the “Case” itself and its structural
geometry are shown below. A number of openings
were designed for natural ventilation, each to play a
part, depending on wind direction and velocity. At
the front façade 2m high openable louvre windows
and 0.5m high openable louvres are located. These
openings are automatically controlled to fully open
or closed positions. In addition at the back of the
“Case” openable windows are located to allow cross
ventilation. These have three positions, open, closed
and half closed, control to maintain a maximum
internal air speed of 1.5m/s. Finally at high level
there is an open chimney with double horizontal
louvres to prevent water ingress. The chimney has
several functions; to aid stack effect ventilation
during still days and during days with strong winds
the shape of the façade shell directs wind up over the
chimney creating negative pressure thus drawing air
through the internal space from the open windows at
the back.

An international competition was staged to suggest
ideas for the centre. The winning design was by
architect Renzo Piano which employs large hut-like
structures clustered together along a central spine.
Housing exhibition, study spaces and living arts the
huts or “Cases” are inspired by the island’s
traditional construction, but employing modern
technologies. One of the bases of the design
competition winning entry was to enhance the natural
ventilation through the centre, thus minimising the
need for mechanical systems, as these systems were
expensive and needed to be imported.
The local climate is described as “oceanic tropical”,
generally humid throughout the year with only
moderate variations in temperature with an average
winter minimum of 18°C to an average summer
maximum of 28°C, the humidity varying mainly with
temperature, from 60% up to 90% relative humidity.
Another factor in the design was the wind directions
found on the site. From local weather data it was
evident that there were two predominant wind
directions at 180° to each other, either on-shore or
off-shore.

Figure 10 Design of the Case
In order to analyse the temperature and humidity
conditions in the space the Arup ROOM program
was used linked to real time weather data form the
local airport. The program calculated air temperature,
radiant temperature and humidity for each hour of
every day of the year at several points within the
space. However, clearly, this data alone was not
sufficient to determine comfort, as there was no data
on air movement with the spaces.

Figure 8 Aerial view

To determine the effect of wind on the inside spaces
a 1:50 scale model was built and tested by CSTB in a
boundary layer wind tunnel in France. From these
tests it was possible to establish coefficients for each
location and wind direction, which when applied to
Figure 9 Photo of the hut
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Figure 11 1:50 scale model

Figure 12 Gagge index

Figure 13 Interior view

Figure 11 Structural geometry

Figure 14 Exterior view
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the wind speed data gave an approximation of
internal air velocities. This data when combined with
the temperature and humidity calculations enabled a
comfort index to be calculated for each hour during
critical months. The Gagge method of comfort was
chosen as the best index as it is the best indication for
people living in naturally ventilated conditions in a
tropical climate, since it was based on experimental
data for this climate type.
The results showed that for the hottest month,
February, the Gagge acceptable index was exceeded
for only 5.8% of occupied hours, a figure which was
accepted by the Client. The analysis went on to
calculate the time each mode would be in operation.
Due to the relatively strong trade winds the majority
of the time the chimney was in operation. In fact the
design was valued engineered based on these results
by making the front openable windows manual due
to the small amount of time this mode would be in
operation.

Figure 15 Eastgate building
The decision to use natural or forced ventilation also
influenced the building design. Mechanical
ventilation has the disadvantage of significant
running costs whereas natural ventilation implies
opening windows with consequent noise and dust
pollution as well as increased heat loss in winter. The
chosen design incorporates a number of air shafts
and voids, integral with the structure which allows
cool air to enter the building at its base and warm air
to discharge at roof level. The building would be
cooled during the night by drawing outside air
through the slightly warmer building. Low velocity
fans were installed to push air to the office floors
whilst also filtering the air. The air passes through
the voided concrete floor and enters the office space
through a low level grille under each window. Since
the concrete stays at around a constant 20°C, the heat
exchange cools the incoming air in summer and
warms it in winter. Exhaust air from the offices flows
naturally via buoyancy to high level bulkheads which
lead to the open shafts to roof level.

EASTGATE, HARARE, ZIMBABWE
Modern office buildings in South Africa are
generally air conditioned. However this perceived
necessity costs around 25% of the building total
budget and prices fluctuate with currency
fluctuations. For much of the year, however,
Harare’s climate is generally sunny, with warm days
but cool nights, with diurnal temperature swings of
10°-14°C. If this coolth could be captured and
utilised during the day then the idea of an acceptable
internal environment with out air conditioning was
considered a possibility.
Both the Client and Architect were in favour of a
passive approach to the design of the building
services, and the commitment and coordination of all
involved helped make this building the first of its
kind in Africa.

Arup ROOM and VENT programs were used to
simulate the night time and daytime conditions and
determine the optimum ventilation rates, a balance
between improved thermal conditions and plant size.
The modelling also allowed different building
materials to be studied and the sensitivity of the
ventilation scheme to their heat transfer performance.
Finally a mock up was constructed of a typical bay to
confirm the ventilation and passive cooling strategy.
The building simulations not only showed the
strategy was workable, but also showed that
increasing ventilation rates during the night to further
pre-cool the building was advantageous as it took
advantage of cheaper night time electricity rates. The
ventilation during the day could be reduced to 2 air
changes per hour encouraging displacement
ventilation in the relatively high office spaces.

The building fills a city block in the centre of Harare,
with two 140m long by 70m wide nine storey blocks
linked by a 16m wide covered atrium. The ground
and first floors accommodate 5,600m² of commercial
shops whilst the upper floors contain around
26,000m² of rentable office space. The building
orientation is east-west, these being the orientations
with most exposure to strong direct sun. Making
these the smallest façade areas limits solar gain
considerably.
A number of building simulation models were made
using computer analysis to understand and optimise
the design in relation to the local climate. A
computer model to simulate the solar path and
compare a well shaded 25% glazed north façade and
one with 50% glazing showed a 1°C reduction in
peak temperatures.
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Figure 18 Data logging result

ICE HOCKEY STADIUM, TURIN, 2006
WINTER OLYMPICS

Figure 16 Ventilation study

Currently under design is a 17,000 seat ice hockey
stadium for the 2006 Winter Olympics in Turin. The
building will occupy 18,000m² on a site near to the
existing athletic stadium. The design, conceived by
the Japanese Architect Isozaki, apart form providing
the ice rink and all the sports and press facilities
associated, also has been designed to be flexible
enough to convert into an indoor athletics stadium or
exhibition hall. This requires not only the possibility
of the floor of the ice rink to be raised but also areas
of seating to be movable.

Subsequent to the completion of the construction
data logging was carried out to monitor the
performance of the building. These confirm the
predicted performance of the building, in which
during days with high diurnal range of 10°C, up to
4.5 °C of cooling is achieved at occupied level with
clear stratification occurring with in the office space.
Results show that the building consumes up to 50%
less energy than comparable air conditioned office
building in the city.

The design of the air conditioning system for a large
open space with around 20m floor to ceiling height
would normally be based on a low level under seat
ventilation supply. This provides an optimum way to
ensure spectator comfort, keeping air away from the
ice and taking advantage of stratification. However
due to the requirement for flexibility in being able to
move the seating around the building it was decided
too complex to integrate air supply also within this
system. The concept therefore quickly moved to
being a high level supply system with low level
exhaust.
Figure 17 Construction
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Figure 19 Interior perspective

Figure 20 Analysis of the possiblity of fogging

all levels of the seating stands the diffuser throws are
adjusted according to their position relative to the
stands. Clearly under pre-heating conditions there is
a need to get air down to the spectator level while
under cooling the air velocities must be controlled to
avoid discomfort. The nozzles are also directed away
from the ice surface to reduce the flow of air over the
ice. The glazed barrier around the pitch also helps to
prevent air from flowing over the ice.

One of the main issues mechanical engineers are
concerned with in the design of ice hockey stadiums
is the possibility of fogging occurring close to the ice
level thus obscuring the puck. Fogging occurs due to
the condensation of warm moist air as it meets cool
air close to the ice. The condensation forms small
water droplets suspended in the air creating fog. The
only way to ensure fogging does not occur is to
control the maximum humidity level with in the
space and minimise the amount of air movement
across the ice. The psychometric chart below
indicates the fogging line based on an ice surface
temperature of -5°C. Air with in the space will not
form fog as long at it is maintained below the
fogging line.

In order to test the design concept and confirm
design parameters a computational fluid dynamic
analysis of the space was carried out. The analysis
uses the CFD package STARCD v.3.15 and
calculates temperature and humidity distribution
within the stadium. The model consists of
approximately 400,000 fluid cells and models a
vertical slice across half of the stadium including the
spectator seating grades and ice rink floor.

The air distribution proposed at high level uses
Halton jet diffusers capable of either acting as a jet
nozzle or as a swirl diffuser depending on the supply
temperature. In order to maintain spectator comfort at
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Figure 22 Case 2

Figure 21 Case 1
Case 1

A number of analyses were carried out to test the
possibility of fogging and confirm temperature and
velocities in the spectator stands.
•

Preheating case in February

•

Fully occupied on cold day in February

•

Fully occupied on a warm day in February

•

Fully occupied in July

Air is supplied into the stadium at a temperature of
21°C and 30% relative humidity. The predictions
indicate that the majority of the space including the
seating areas is well mixed at a temperature of about
20°C and relative humidity of about 35%. Over the
ice, the air temperature is lower in the range of about
16-19°C and relative humidity of approximately
40%. At these conditions the predictions indicate that
fogging is unlikely. The air speed plots show the
velocity decay in the nozzle jets similar to the

Table 1 shows the different setting of design
conditions.
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Figure 24 Case 4
from about 17.5 to 15.0°C. The relative humidity in
the seating and ice rink zones are respectively about
40% and 45%. At these conditions the predictions
indicate that fogging is unlikely. The air speeds are
predicted to be slightly higher in the seating areas
than in Case 1 due to the higher supply-to-ambient
air temperature differential.
Case 3
Air is supplied into the stadium at a temperature of
13° C and relative humidity of 50%. The predictions
indicate that the seating areas are at temperatures of
around 19 to 21°C and, from about 2m above the ice
rink to directly above it, temperatures reduce from
about 18 to 16°C. Relative humidity in the seating
areas of approximately 35 to 40% is predicted rising
to 45% over the ice. At these conditions the
predictions indicate that fogging is unlikely. Air
speeds in the seating areas are predicted to be similar
to those in Case 2.

Figure 23 Case 3
previous isothermal plots as there is a low supply-toambient air temperature differential.
Case 2
Air is supplied into the stadium at a temperature of
13°C and 50% relative humidity. The predictions
indicate that the seating areas are at temperatures of
around 18.5 to 20.5°C and, from about 2m above the
ice rink to directly above it, temperatures reduce
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Case 3

Fully Occupied, Lights On
February Internal condition target 18ºC min
Max
Supply Air Condition 13°C, 4.8 g/kg
Occupied External Condition 15°C, 5.5 g/kg
Fully Occupied, Lights On
Internal condition target 26ºC,
July Peak
50%RH max
Occupied
Supply Air Condition 20°C, 7.6 g/kg
External Condition 30°C, 14.2 g/kg

Case 1
Case 2

Preheating Case–No occupants, No
February lighting
Min
Internal condition target 18ºC min
Preheating Supply Air Condition 21°C, 4.8 g/kg
External Condition –8°C,1.8 g/kg
Fully Occupied, Lights On
February Internal condition target 18ºC min
Min
Supply Air Condition 13°C, 4.8 g/kg
Occupied External Condition –8°C,1.8 g/kg

Case 4

Table1
The design conditions

Case 4
Air is supplied into the stadium at a temperature of
20°C and relative humidity of 50%. The predictions
indicate that the seating areas are at temperatures of
around 26 to 28ºC, with temperatures around the ice
reducing from about 24 to 22°C. Relative humidity in
the seating areas of approximately 35 to 40% is
predicted rising to 50% over the ice. At these
conditions the predictions indicate that fogging is
likely to occur.
The predictions show that the strategy of supplying
the ice rink and spectators in the arena with one
single supply temperature results in satisfactory
conditions for the occupants. The predictions also
indicate that fogging over the ice is unlikely in winter
conditions. Air speeds in the seating areas will be
controlled by the use of variable throw diffusers.
By extracting the air from beneath the seating,
approximately 50% of the latent gain from the
spectators is extracted at source, resulting in lower
moisture levels in the arena than calculated using
psychometric methods which “averages” the
conditions. In addition some of the occupant
convective gain is directly removed from the arena.
In peak summer conditions, the predictions show that
fogging could well occur over the ice, and for this
reason it is not recommended that the arena is used to
hold ice events in summer.
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